The prognostic significance of previous percutaneous coronary intervention (PCI) in patients undergoing coronary artery bypass grafting (CABG) is still unclear. Although many studies have reported adverse effects of previous PCI on postoperative mortality in CABG, as yet no meta-analysis has been carried out. We conducted this first meta-analysis to assess whether previous PCI increases postoperative mortality in CABG. MEDLINE and EMBASE were searched for relevant articles up to and including April 2014. Studies published in English satisfying the following criteria were included in the meta-analysis: (i) comparing CABG patients with previous PCI versus without previous PCI; and (ii) reporting hospital mortality. Our search identified 23 comparative studies, including 174 777 patients: 19 179 with previous PCI and 155 598 without previous PCI. Pooled analysis demonstrated that previous PCI had an adverse effect on hospital mortality: odds ratio (OR) 1.187, 95% confidence interval (CI) 1.075-1.312. Furthermore, subgroup analysis stratified by the proportion of multiple previous PCI (i.e. number of patients with multiple previous PCI/number of patients with single or multiple previous PCI) was performed. In the subgroup of studies with the proportion <40%, the adverse effect was not significant: OR 0.897 (95% CI 0.723-1.113); however, in the subgroup of studies with the proportion ≥40%, the adverse effect of previous PCI was significant: OR 1.987 (95% CI 1.563-2.526). A meta-regression coefficient was significantly positive for the proportion of patients with a history of multiple PCI (coefficient 0.841; 95% CI 0.457-1.226; P < 0.001). This meta-analysis would argue that as the proportion of patients with multiple previous PCI in the CABG cohort increases, postoperative mortality also increases. This result re-emphasizes the importance of the heart team approach to coronary revascularization.
INTRODUCTION
The use of drug-eluting stents (DESs) in percutaneous coronary intervention (PCI) for coronary artery disease has been increasing in current practice. Although the use of DES has led to a reduction in stent restenosis, repeat revascularization remains a common issue after PCI. In the 5-year results of the SYNergy between PCI with TAXus and cardiac surgery (SYNTAX) trial, the rate of repeat revascularization after PCI was reported to be 25.9% at 5 years [1] . In addition, interventional cardiologists tend to treat the more complex coronary anatomy after the introduction of DES, which has led to high rates of subsequent revascularization in the realworld setting. A recent registry study reported that 12% of patients undergoing PCI required repeat revascularization within the first year [2] . Thus, the number of patients with previous PCI undergoing subsequent coronary artery bypass grafting (CABG) has been increasing over time.
Several studies have reported significantly increased postoperative mortality in patients with previous PCI procedures undergoing subsequent CABG. Thielmann et al. reported that previous multiple PCI procedures had a significant adverse effect on early mortality and morbidity after subsequent CABG, whereas single previous PCI did not [3] . Furthermore, multicentre analysis in Germany also reported similar adverse effects of a history of multiple PCI [4] . However, some studies reported that a history of previous PCI was not associated with increased mortality and morbidity after CABG [5] [6] [7] [8] [9] [10] . This heterogeneity between studies is an important issue to be confronted in establishing a sound treatment strategy for patients requiring repeat coronary revascularization.
The aim of this study was to assess the impact of previous PCI procedures on hospital mortality after subsequent CABG. We performed a meta-analysis using data from studies comparing CABG patients with or without previous PCI procedures. Moreover, a meta-regression analysis was performed to determine whether the effect of previous PCI procedures was modulated by the proportion of patients with a history of multiple PCI.
METHODS
To identify all observational studies comparing CABG patients with previous PCI with those without previous PCI, the MEDLINE and EMBASE databases were searched for relevant articles published up to and including April 2014 using the keywords 'coronary artery bypass', 'surgical revascularization', 'CABG', 'prior', 'previous', 'percutaneous coronary intervention', 'PCI' and 'stent'. Studies that satisfied the following criteria were included in this meta-analysis: (i) comparing CABG patients with previous PCI versus without previous PCI; (ii) reporting hospital mortality and (iii) published in English. Studies including planned hybrid coronary revascularization were excluded. Only the most recent and most comprehensive publication of the same group that had reported different studies was included. Furthermore, we checked the references of all studies to identify overlooked studies.
Data regarding detailed patient characteristics and hospital mortality [odds ratio (OR) for patients with previous PCI versus patients without previous PCI] were abstracted from each study. In studies reporting hospital mortality in each subgroup separately, the OR was extracted and analysed separately. In studies that did not report the OR, we calculated the OR with 95% confidence interval (CI) by using the absolute numbers of hospital deaths. The ORs for hospital mortality from each study were combined using the inverse variance method in both fixed-effects and random-effects models.
To assess the impact of a history of multiple PCI on the pooled estimate, we performed subgroup analysis stratified by the proportion of patients with a history of multiple PCI (i.e. proportion of patients with a history of multiple PCI = number of patients with multiple previous PCI procedures/number of patients with single or multiple previous PCI procedures). Moreover, mixed-effects (unrestricted maximum likelihood) meta-regression analysis was performed to determine whether the effect of previous PCI on hospital mortality was modulated by the proportion of patients with a history of multiple PCI. All analyses were conducted using Comprehensive Meta-Analysis Version 2 (Biostat, Englewood, NJ, USA).
RESULTS

Search results
Our search identified 23 observational studies that compared clinical outcomes of CABG patients, with or without previous PCI, and reported hospital mortality. Collectively our meta-analysis included 174 777 patients undergoing CABG: 19 179 with previous PCI and 155 598 without previous PCI. The main characteristics of the studies included are presented in Table 1 . The number of patients with a history of multiple PCI was reported in 11 studies. In three studies [3, 4, 15] , patients with single previous PCI and multiple previous PCI were analysed separately. In these studies, we also calculated the proportion of patients with a history of multiple PCI in the whole cohort of the study by combining data from the two subgroups (single previous PCI group and multiple previous PCI group). In one study [8] , patients with recent PCI (within 14 days before CABG) and remote PCI (performed 14 days and longer before CABG) were analysed separately.
Initial meta-analysis and sensitivity analysis
A pooled analysis of all 23 studies demonstrated that previous PCI was associated with a statistically significant 18.7% increase in hospital mortality in the fixed-effects model (OR 1.187; 95% CI 1.075-1.312; P = 0. 001) (Fig. 1) . Although this initial analysis found statistically significant heterogeneity (P < 0.001), the adverse effect on hospital mortality was still significant in the random-effects modelling (OR 1.455; 95% CI 1.171-1.809; P = 0. 001). Because of the significant heterogeneity of the primary meta-analysis, a publication bias test was not performed.
To assess the impact of qualitative heterogeneity in study design and patient selection on the result of the initial metaanalysis, several sensitivity analyses were performed. Firstly, on excluding eight studies that reported only non-adjusted OR [4, 9, 10, 15, 16, 18, 24, 25] , the remaining studies still showed a statistically significant adverse effect of previous PCI on hospital mortality (fixed-effects OR 1.245; 95% CI 1.113-1.393; P < 0.001). In addition, we performed 1-study-removed meta-analysis. This sensitivity analysis showed that exclusion of any single study from the analysis did not overturn the result of the initial analysis.
Subgroup analysis
To detect the source of significant heterogeneity of the initial meta-analysis, we performed subgroup analysis stratified by the proportion of patients with a history of multiple PCI. The data from eight studies (and study subsets) with the low proportion (<0.40) of patients having a history of multiple PCI [3-5, 7-9, 15] and six studies (and study subsets) with the high proportion (≥0.40) of patients with a history of multiple PCI [3, 4, [14] [15] [16] 19] were pooled separately. In studies with a low proportion of history of multiple PCI, the adverse effect of previous PCI on hospital mortality was not statistically significant (fixed-effects OR 0.897; 95% CI 0.723-1.113; P for effect = 0.323; P for heterogeneity = 0.154) (Fig. 2) . In studies with a high proportion of history of multiple PCI, however, previous PCI was associated with a statistically significant increase in hospital mortality (fixed-effects OR 1.987; 95% CI 1.563-2.526; P for effect <0.001; P for heterogeneity = 0.303) (Fig. 2 ). There was a significant difference between these two subgroups (P < 0.001). In the analysis using the combined proportion of patients with a history of multiple PCI in three studies [3, 4, 15] , there were no substantial changes in the results of subgroup analysis (Fig. 3 ).
Meta-regression analyses
Meta-regression coefficients were not statistically significant for mean age (coefficient 0.038; 95% CI −0.027 to 0.104; P = 0.248), mean ejection fraction (coefficient 2.313; 95% CI −2.177 to 6.804; P = 0.313), proportion of patients with previous myocardial infarction (coefficient 0.611; 95% CI −0.211 to 1.432; P = 0.145), proportion of females (coefficient 2.354; 95% CI −0.391 to 5.098; P = 0.093) and proportion of diabetic patients (coefficient 0.118; 95% CI −0.849 to 1.086; P = 0.810). However, a meta-regression coefficient was significantly positive for the proportion of patients with a history of multiple PCI (coefficient 0.841; 95% CI 0.457-1.226; P < 0.001) (Fig. 4) . This result would indicate that as the proportion of patients with multiple previous PCI increases, the OR of hospital mortality increases. In the analysis of the combined proportion of patients with a history of multiple PCI in three studies [3, 4, 15] , there were no substantial changes in the results (coefficient 2.908; 95% CI 1.077-4.740; P = 0.002; Fig. 5 ). 
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This study suggests that the presence of previous PCI has a significant adverse effect on hospital mortality after CABG. Subgroup analysis showed this adverse effect of previous PCI to be statistically significant only in cohorts with a high proportion of patients with a history of multiple PCI. Our meta-regression analysis indicated that as the proportion of patients with a history of multiple PCI increases, the adverse effect of the previous PCI on operative mortality is more serious. Although many studies have reported the impact of previous PCI procedures on clinical outcomes of subsequent CABG, the results of these studies are heterogeneous. Our analyses provide a consistent explanation for this heterogeneity. The subgroup analysis stratified by the proportion of patients with a history of multiple PCI revealed that the adverse effect of previous PCI on hospital mortality was statistically significant in the cohorts with a high proportion of patients with previous multiple PCI, but was not significant in the cohorts with a low proportion of patients with a history of multiple PCI. Additionally, despite significant heterogeneity in the primary analysis, there was no heterogeneity in each of the subgroups. This result suggests that the proportion of patients with a history of multiple PCI could be a source of heterogeneity in the initial meta-analysis. This finding is consistent with reports from several studies that evaluated the clinical outcome after CABG in patients with single previous PCI and those with multiple previous PCI separately. Thielmann et al., in their propensity matching analysis, confirmed that a history of multiple PCI was associated with significant increases in hospital mortality (OR 3.01; 95% CI 1.51-5.98) and major adverse cardiac events (MACEs) (OR 2.31; 95% CI 1.45-3.67) [3] . Moreover, they reported that single previous PCI was not a significant risk factor for hospital mortality or MACEs. A multicentre analysis in Germany [4] also reported significantly increased hospital mortality in patients with a history of multiple PCI, a finding confirmed by Sakaguchi et al. [15] . Furthermore, our meta-regression analysis showed that as the proportion of patients with a history of multiple PCI increases, the adverse effect of the previous PCI on operative mortality becomes more serious.
Several factors in patients with previous PCI are thought to cause a worse outcome after subsequent CABG. Firstly, the presence of a stent could force bypass grafts to be anastomosed to a more distal site in coronary arteries with a smaller diameter, which might compromise run-off and decrease graft patency [24] . Secondly, intracoronary stents may stimulate acute and chronic inflammatory change in the distal coronary artery and surrounding myocardium, which might decrease graft patency [26] . In these situations, coronary endarterectomy is performed in a few experienced institutions [27] . However, this technique still has not been in widespread use. Thirdly, a coronary artery with a patent stent may not be grafted because of concern about competitive flow, which might compromise graft patency. However, this might lead to perioperative myocardial infarction if the stent should become occluded under the postoperative hypercoagulability. Finally, PCI procedures initiate periprocedural myocardial injury caused by side-branch occlusion and distal microembolization [28, 29] , which might cause not only systolic dysfunction but also persistent diastolic dysfunction after coronary intervention [30] .
Several limitations exist concerning the present study. Firstly, our analysis used only data from observational studies with potential biases. Although our sensitivity analyses did not overturn the result of the initial meta-analysis, the results of this meta-analysis should be interpreted carefully. Secondly, the present study focuses only on the hospital mortality. Although long-term mortality is reported in several studies, the number of studies is too small to access the relationship between the proportion of patients with a history of multiple PCI and the adverse effect of previous PCI procedures. Further investigation is needed to assess the effect of previous PCI on the long-term clinical outcomes after CABG. Thirdly, not all included studies report the proportion of patients with a history of multiple PCI. However, there are sufficient studies reporting this proportion to assess the impact of previous multiple PCI on hospital mortality. Fourthly, the present study lacks direct comparison of patients without previous PCI and those with multiple previous PCI procedures, because there are only three studies in which patients with multiple PCI procedures were analysed separately. The present study used metaregression to analyse the proportion of patients with a history of multiple PCI and assessed the impact of such a history indirectly. Finally, we did not perform the test for publication bias. Because the initial meta-analysis had significant heterogeneity that could have been due to the patients' characteristics, especially to the proportion of patients with multiple PCI procedures, publication bias testing was not appropriate. Consequently, potential publication bias cannot be denied.
In conclusion, current evidence from observational comparative studies suggests that patients with previous PCI procedures undergoing subsequent CABG have significantly increased hospital mortality. Our meta-regression analysis would argue that as the proportion of patients with a history of multiple PCI in the CABG cohort increases, postoperative mortality also increases. Patients at potential risk of repeat coronary revascularization should be encouraged to undergo CABG before they have received multiple PCI procedures. The present study re-emphasizes the importance of the heart team approach to coronary revascularization, not only in first-time but also repeat coronary revascularization.
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Dr R. Yadav (London, United Kingdom): We have all seen patients with a full metal jacket, and we know that when we do a distal anastomosis we're all concerned about the long-term prognostic benefit to patients. We've also seen patients who have presented with a good LV, and by the time they have had multiple PCIs and reached the surgeon, the ventricle is significantly impaired. Of course, that's associated with the problems with antiplatelet therapy that poses challenges for us during surgery. As you point out, the different studies show different results and you've identified that studies with a greater proportion of multiple PCIs are the ones that show a difference in poorer outcome with CABG.
My first question to you is simply a methodological one about how you decided on 40% as the percentage that defined for you a high proportion of multiple PCIs.
The second question is about the territory of PCI. So I don't know whether it was possible for you to look and see whether the LAD territory was a more important territory in patients with previous PCI to the LAD or doing worse than other territories and was it possible for you to find that information?
Dr Ueki: First, I started with redefinition of multiple PCI procedures. This is defined here as multiple 'repeated' PCI procedures or multiple 'separated' PCI procedures. For example, patients who received multiple stents in a single procedure, they're included in single procedure cohort if they don't receive second procedure before subsequent CABG.
We have a question about the cut-off value in subgroup analysis. This cut-off value is not the absolute reference point. It's only the median value of the proportion of multiple PCI procedures. I would not say that the 40% is the absolute reference point which predicts poor prognosis. Although a high proportion of multiple PCI procedures shows significant adverse effect, it is not possible to detect such kind of absolute reference point from this analysis. This is one of the limitations of this study.
So we performed meta-regression analysis to generalize the impact of multiple PCI procedures. And the underlying aim of this meta-analysis is to indicate that adverse effect of multiple repeated PCIs. For this aim, the direct comparison between multiple PCI cohort and no PCI cohort is necessary. However, only three studies reported the outcome of multiple PCI cohort separately, so we could not perform the direct comparison. So we performed the analysis using the proportion of multiple PCIs and assessed the effect of multiple PCI procedures indirectly.
And the second question is about the relationship between the adverse effect and the stented territories. I agree with your opinion. The possibility cannot be denied. Some studies reported the number of stented territories and some reported the proportion of patients with LAD stenting. However, in total, we don't have enough data to perform the metaregression analysis for these variables. This is also a second limitation of the present study.
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